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Abstract 

Purpose The impact of anthropogenic greenhouse gas (GHG) 
emissions on climate change receives much focus today. This 
impact is however often considered only in terms of global 
warming potential (GWP), which does not take into account 
the need for staying below climatic target levels, in order to 
avoid passing critical climate tipping points. Some sugges¬ 
tions to include a target level in climate change impact assess¬ 
ment have been made, but with the consequence of 
disregarding impacts beyond that target level. The aim of this 
paper is to introduce the climate tipping impact category, 
which represents the climate tipping potential (CTP) of 
GHG emissions relative to a climatic target level. The climate 
tipping impact category should be seen as complementary to 
the global warming impact category. 

Methods The CTP of a GHG emission is expressed as the 
emission’s impact divided by the ‘capacity’ of the atmosphere 
for absorbing the impact without exceeding the target level. 
The GHG emission impact is determined as its cumulative 
contribution to increase the total atmospheric GHG concen¬ 
tration (expressed in C0 2 equivalents) from the emission time 
to the point in time where the target level is expected to be 
reached, the target time. 
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Results and discussion The CTP of all the assessed GHGs 
increases as the emission time approaches the target time, 
reflecting the rapid decrease in remaining atmospheric capac¬ 
ity and thus the increasing potential impact of the GHG 
emission. The CTP of a GHG depends on the properties of 
the GHG as well as on the chosen climatic target level and 
background scenario for atmospheric GHG concentration de¬ 
velopment. In order to enable direct application in life cycle 
assessment (LCA), CTP characterisation factors are presented 
for the three main anthropogenic GHGs, C0 2 , CH 4 and N 2 0. 
Conclusions The CTP metric distinguishes different GHG 
emission impacts in terms of their contribution to exceeding 
a short-term target and highlights their increasing importance 
when approaching a climatic target level, reflecting the in¬ 
creasing urgency of avoiding further GHG emissions in order 
to stay below the target level. Inclusion of the climate tipping 
impact category for assessing climate change impacts in LCA, 
complimentary to the global warming impact category which 
shall still represent the long-term climate change impacts, is 
considered to improve the value of LCA as a tool for decision 
support for climate change mitigation. 

Keywords Climate change • Climate tipping points • Climate 
tipping potential • Global warming potential • Impact 
category • Life cycle impact assessment 

1 Introduction 

The global climate is changing these years, and we are quickly 
approaching expected climate tipping points (Hansen et al. 
2008). A climate tipping point is a level of forcing in the 
climate system beyond which dramatic changes continue to 
occur without further forcing due to the initiation of positive 
feedback loops (Hansen et al. 2008; US DOT CCCEF 2009). 
Crossing such tipping points may lead to irreversible climate 
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changes (Meehl et al. 2007; Hansen et al. 2008). An example 
of a climate tipping point is given for the extent of the Arctic 
sea-ice cover. The continued melting of the ice cover clears a 
growing area of darker ocean surface with lower ability to 
reflect solar radiation, which again leads to further warming of 
the ocean (Hansen et al. 2008). The positive feedback loop 
may eventually bring the ice cover to the point where it 
becomes unstable, leading to an ice-free Arctic (US DOT 
CCCEF 2009). 

The assessment of the contribution from different green¬ 
house gas (GHG) emissions to the man-made climate 
change impacts typically applies the global warming po¬ 
tential (GWP) as a metric. This metric is also generally 
applied in life cycle assessment (LCA) and related ap¬ 
proaches like ‘carbon footprint’, and it was recently recom¬ 
mended as the best existing practice for midpoint modelling 
of climate change impact in LCA by the European 
Commission (Hauschild et al. 2013). GWP represents the 
time-integrated contribution of a gas to the radiative forcing 
of the atmosphere over a certain time horizon, most often 
100 years. As it gives equal weight to GHG emissions 
regardless of emission time, the use of GWP for modelling 
of climate change impacts does however not support pur¬ 
suing political targets in terms of keeping below a certain 
critical atmospheric average temperature increase, and it 
does not reflect the increased importance of short-lived 
GHGs as the critical level is approached (Shine et al. 
2007). In recent years, the need for developing alternative 
climate change impact assessment metrics which include 
the consideration of such climatic target levels has been 
increasingly recognised (e.g. Shine et al. 2007; Peters et al. 
2011; Cherubini et al. 2012; Jorgensen and Hauschild 
2013). One example of an attempt to include a target level 
in climate change impact assessment is given in Shine et al. 
(2007), where a target time has been applied to the global 
temperature potential (GTP) metric, yielding the so-called 
time-dependent GTP metric. 

To account for both long-term climate change impact 
and impacts related to passing climate tipping points, we 
suggest supplementing the well-established global 
warming impact category by a new target level impact 
category, as discussed by Jorgensen and Hauschild (2013) 
and presented by Jorgensen and Hauschild (2010) at an 
expert workshop on temporary carbon storage. 
Presentations and conclusions are summarised in Brandao 
and Levasseur (2011). The climate change impacts from 
GHG emissions would thus be represented by two sub 
categories—one addressing the long-term climate impacts 
(using GWP as midpoint characterization factor) and one 
addressing the urgency caused by contribution of increased 
GHG concentration level impacts to exceeding critical tip¬ 
ping points in the climate change impact pathway (also at 
midpoint level). 


While the timing of GHG emissions of products is of 
little importance for long-term impacts and is not included 
in the normal GWP, it may be very relevant in relation to 
avoiding a certain climate tipping point. In many cases, 
GHG emissions and uptakes of a product happen at differ¬ 
ent points in time during a products lifetime. One example 
is bio-based energy, where there can be a considerable time 
difference between emission of C0 2 from combustion and 
the following uptake of C0 2 during regrowth of, for in¬ 
stance, wood biomass. Another example is when C0 2 is 
captured in biomass and stored for a shorter or longer 
period in, for instance, wood or bio-based plastic products. 
In both cases, the timing of emission and uptake relative to 
approaching a climate tipping point will have an impact. 
This will be reflected by the new subcategory, where the 
GWP will be used to assess long-term impacts and thus not 
consider emission timing. Suggestions for including timing 
of emissions in GWP have been given by e.g. Levasseur 
et al. (2010) and for biogenic C0 2 emissions by Cherubini 
et al. (2011), but none of those consider the emission timing 
relative to a climatic target. 

The aim of this paper is to present the climate tipping 
impact category expressing the contribution of a GHG emis¬ 
sion to pass a climatic target level and develop characterisa¬ 
tion factors for use in life cycle impact assessment (LCIA), as 
supplement to the long-term climate change impacts 
expressed by the GWP. 

The need for staying below a certain atmospheric GHG 
target level means that the difference between that level 
and the current atmospheric GHG concentration level, i.e. 
the atmospheric ‘capacity’ for taking up GHG emissions 
before reaching the target level, can be seen as a 
constrained resource. Thus, the climate tipping potential 
(CTP) metric applied for the climate tipping impact cate¬ 
gory should reflect the absolute cumulative contribution 
from a GHG emission to fill the remaining gap up to the 
climatic target level. It should model this contribution 
taking into account the foreseeable future development 
in atmospheric GHG concentration due to other activities 
up to the point in time where the target level is expected to 
be reached, the target time. The time-dependent GTP, 
which expresses the impact of a GHG emission in terms 
of temperature potential relative to a climatic target level 
(Shine et al. 2007), meets the requirement of including a 
target time but does not meet the other requirements need¬ 
ed here as it is neither cumulative nor taking into account 
future atmospheric GHG development (except for the tar¬ 
get time setting). 

The CTP uses a target time approach similar to that used for 
the time-dependent GTP by Shine et al. (2007) but further 
takes a cumulative, capacity-oriented approach. The differ¬ 
ence between the time-dependent GTP and CTP is discussed 
in an impact assessment context. 
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2 Methods 

2.1 The climate tipping potential (CTP) 

The CTP expresses the absolute impact from a marginal GHG 
emission based on its share of the total impact that can still 
take place before a predefined target level is reached. The 
impact of a GHG emission decreases over time due to differ¬ 
ent atmospheric removal processes, such as degradation or 
uptake in ocean and biosphere. However, with the current and 
expected future level of activities, the total GHG concentra¬ 
tion in the atmosphere increases with time, and the remaining 
capacity is gradually exhausted year by year until the target 
level is reached. The impact per kg of GHG emission as well 
as the remaining capacity in the atmosphere in cumulative 
terms can be expressed as equivalents of atmospheric C0 2 
concentration (ppm) over the time period from the emission 
time to the target time, giving the unit parts per million C0 2 
equivalents (C0 2 e) years. The unit ‘ppm C0 2 e’ used here 
thus refers to equivalents in terms of the actual radiative 
forcing per parts per million C0 2 present in the atmosphere 
and should not be contused with the ‘C0 2 e’ unit used in the 
GWP to describe the cumulated radiative forcing impact of an 
emitted kg of a GHG over a specific time horizon relative to 
the forcing impact of a kg C0 2 emission over the same time 
horizon. 

As illustrated by Fig. 1, the emission of a GHG will take up 
a certain part of the remaining capacity during its residence 
time in the atmosphere. Thus, both the induced increase in the 
atmospheric GHG concentration and the time that the 


emission remains in the atmosphere are needed to evaluate 
the impact of a GHG relative to the remaining capacity. The 
CTP of a GHG (x) emitted at time t & with the target time T, is 
defined as 


rrp (t \ _ Impact XiT (t e ) 
X ' T e Capacity T (t e ) 


where CTP X ^(kg -1 ) is the climate tipping potential of emitting 
GHG x, for the target time T (year), t e (year) is the emission 
time any year from present to the target time T, Impact^ j (ppm 
C0 2 e years kg -1 ) is the impact of emitting GHG x for the 
target time T and Capacity T (ppm C0 2 e years) is the remain¬ 
ing atmospheric capacity until the target time T. 

The atmospheric capacity for receiving GHGs before a 
climatic target level is reached depends on the choice of target 
level and the development in atmospheric GHG concentra¬ 
tion. In the literature, different tipping points are discussed, 
and several possible GHG concentration pathways have been 
developed. The method for calculating CTP has therefore 
been designed to be adaptable to any GHG concentration 
development scenario and any target level not yet passed. 
For demonstration of the method and calculation of CTP 
characterisation factors, a target level and a GHG concentra¬ 
tion pathway scenario have, however, been chosen as de¬ 
scribed in the following two sections. 


Atmospheric GHG concentration, C [C0 2 e] 


Target level 
concentration, C T 


Impact of 
GHG emission, 
Impactx(te) 




Remaining capacity at 
time te, Capacity(te) 



GHG emission time, te 


Target time, T 


Fig. 1 Conceptual illustration of the atmosphere’s capacity for receiving 
GHG emissions without exceeding the predefined atmospheric target 
level. The grey area illustrates the expected development in atmospheric 
GHG concentration from the current situation and until the target time, T, 


where the target level is reached. The white area after the GHG emission 
time, 4, represents the remaining capacity of the atmosphere, while the 
black area illustrates the impact of a GHG emission occurring at time t e in 
terms of additional capacity occupied 
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2.2 Choice of target level 


2.4 Determination of target time 


For estimation of the remaining capacity, a target level must be 
chosen as a maximum atmospheric GHG concentration that 
must not be exceeded. The global climate system is complex, 
and there is not one climate tipping point, but many, of 
different type and importance and occurring at different levels 
of radiative forcing. Predictions of the climate change levels 
where such tipping points occur are rather uncertain (US DOT 
CCCEF 2009). However, a widely used political target is to 
keep the temperature rise due to anthropogenic emissions 
below 2 °C compared to preindustrial levels (IEA 2011). 
This target has been adopted by the European Union 
(Council of the European Union 2005), and it is supported 
by scientific work such as Hare (2003; 2006). It is furthermore 
in line with the ‘Reasons for Concern’ in the fourth assessment 
report of the Intergovernmental Panel on Climate Change 
(IPCC) (Schneider et al. 2007). 

An atmospheric GHG concentration of 450 ppm C0 2 e is 
expected to have at least a 50 % chance of stabilising the 
climate at the 2 °C temperature increase (Marchal et al. 2012) 
(range ~3 80-510 ppm C0 2 e (Hare and Meinshausen 2005; 
Schneider et al. 2007)), and 450 ppm C0 2 e is hence chosen 
here as the target level. 

2.3 Selection of atmospheric GHG concentration pathway 
scenario 

Scenarios describing the development of atmospheric GHG 
concentrations into the future are needed for determining the 
development of the remaining capacity in time (see Fig. 1). 
Here, the so-called representative concentration pathway 
(RCP) scenario RCP6 is chosen. There are four RCP scenar¬ 
ios, which cover a range of radiative forcing values for year 
2100 and have bee developed in response to a request from the 
IPCC (van Vuuren et al. 2011). The scenarios include one 
mitigation scenario, two scenarios of medium stabilisation and 
a very high baseline scenario, and they represent different 
possible paths depending on global policy choices and devel¬ 
opment possibilities (further descriptions of the four RCP 
scenarios can be seen in Table 3). Currently, there is not much 
that points to sufficient political will to drive the mitigation 
scenario. However, it is here assumed that the vital importance 
of the issue and the generally increasing awareness will also 
prevent us from following the very high baseline scenario. 
The RCP6 scenario is thus chosen, as it is the medium 
stabilisation level scenario which assumes the highest 
stabilisation level, based on higher expected population 
growth and lower GDP than the other medium stabilisation 
scenario (van Vuuren et al. 2011). The RCP6 medium 
stabilisation level scenario is made available by 
Meinshausen et al. (2011), based on background data from 
Fujino et al. (2006). 


The target time is the year in which the atmospheric GHG 
concentration reaches the target level according to the selected 
GHG concentration pathway scenario. For the RCP6 scenario 
and the 450 ppm C0 2 e target level, the target time is year 2032 
(see Fig. 2). 


2.5 Estimation of capacity(4) 

The remaining capacity of the atmosphere for receiving GHG 
emissions without exceeding the chosen atmospheric target 
level changes with the proximity of emission time t e to the 
target time T. This is expressed in Eq. (2): 


Capacity T (t e ) 


t=T 

0 C(T)-C(t))dt 

t=t e 



where T is the target time (year), C(T) is the target level 
concentration of atmospheric GHG, occurring at the target 
time (ppm C0 2 e) and C(t) is the concentration of atmospheric 
GHG at time t (ppm C0 2 e). Thus, the unit of the capacity 
becomes ppm C0 2 e years. Described in words, this means 
equivalents of atmospheric C0 2 concentration increase that 
can still take place before reaching the target level (in terms of 
actual radiative forcing) integrated over the time duration 
between the emission time, 4, and the target time, T. 

The aim here is to calculate CTP on an annual basis and the 
atmospheric concentration (C0 2 e) data we have used are 
discrete values given with 1 year time steps. Rather than 
solving the integral analytically, we therefore use an approx¬ 
imate discrete solution to Eq. (2). It is estimated as the sum of 
the differences between the target level and the RCP projected 
atmospheric GHG concentration for each time step multiplied 
by the length of the time step (1 year) from the GHG emission 
time up to the target time. 


2.6 Modelling of impact(4) 

Since the CTP expresses how large a fraction of the remaining 
atmospheric capacity a GHG emission takes up, the impact 
must be calculated as the induced change in atmospheric GHG 
concentration (expressed in ppm C0 2 e) per mass of GHG 
emitted over the residence time of the emission until the target 
time. 

The absolute global warming potential (AGWP) expresses 
the radiative forcing per kg of a specific GHG emission over a 
certain time horizon, taking into account the atmospheric 
lifetime of the GHG. It is used for determining the GWP of 
a GHG emission, as the quotient between the AGWP of that 
GHG emission and the AGWP of the same amount of C0 2 
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over the same time horizon (Shine et al. 2005). It is calculated 
as 


AGWP x (t) = 


t 

A x exp(-t' / a x )dt' 

0 


= A x a x [\-exp(-t / a x ) 



years kg , -1 which is understood as equivalents of increase in 
atmospheric C0 2 concentration (in terms of actual radiative 
forcing) integrated over the time duration between the emis¬ 
sion time, t & and the target time, T, due to a kg GHG emission 
pulse at time t & 

Inserting Eqs. (2) and ( 6 ) into Eq. (1), the expression for 
calculation of the CTP becomes 


where A GWP X is the absolute global warming potential of GHG 
x (Wm kg year), A x is the specific radiative forcing of GHG 
x (Wm -2 kg -1 ), a x is the atmospheric lifetime for GHG x 
(years), which takes into account the indirect effect of the gas 
on its own atmospheric lifetime (also called the adjustment 
time) (Albritton et al. 2001) and t is the time horizon (years). 

When calculating the AGWP of C0 2 , a more advanced 
equation is necessary, due to the complex nature of the re¬ 
moval of atmospheric C0 2 . This is given in Eq. (4) (Shine 
et al. 2005): 


AGWP C02 (t ) 


t 

- 

Ac 02 

ao + yy,-exp(-?'/ oti) 

0 

i 


dt' (4) 


A 


C02 


a 0 t + y^ajQii (1 ~exp (~t/ a,-)) 


where a and a are specific coefficients and time constants for 
the removal processes that are active in the IPCC decay 
function for C0 2 in the atmosphere, as reflected in the revised 
Bern carbon cycle model (Forster et al. 2007): <2o=0.217, a\ = 
0.259, a 2 = 0.338, a 3 =0.186, cq = 172.9 years, a 2 = 18.51 years 
and a 3 = 1 .186 years. 

The dependency of the cumulative impacts on the distance 
of the emission time t e from the target time T is included by 
integrating Eq. (3) from t e to T, leading to Eq. (5), and likewise 
for Eq. (4) (not shown): 


AGWP X]T (t e ) 


t=T 

A x exp(-t / a x )dt = A x a x [\-exp(-(T-t e )/a x )] 

t=t e 

( 5 ) 


In order to express the impact of GHG x in the same unit as 
the capacity, per kg of GHG emitted, the AGWP X is divided by 
the specific radiative forcing per ppm C0 2 , as given in Eq. ( 6 ): 


CTP xT (t e ) 


fAGWP xJ (t e ) 


K 


A 


CO 2 ppm 


t=T 


(C(T)-C(t))dt 



Eq. (7) expresses CTP X as a characterisation factor, i.e. per 
kg emission of GHG x. The meaning of the characterisation 
factor is equivalents of increase in atmospheric C0 2 concen¬ 
tration integrated over the time duration between the emission 
time, 4 , and the target time, due to a kg GHG emission pulse 
at time t & expressed as the fraction of the equivalent atmo¬ 
spheric C0 2 concentration increase that can still take place 
before reaching the target level, integrated over the same time 
period. 

To calculate the CTP for any emitted amount of GHG x, the 
characterisation factor is simply multiplied by the emitted 
amount, as shown in Eq. ( 8 ) 


IS ctp (a TA e ) — CTP x j(t e )-m x 



where IScnfyXQ ( _ ) is the impact score representing the CTP 
for target time T of an emission of m x kg of GHG x at emission 
time 4 . 

In this paper, CTP characterisation factors for the three 
most important anthropogenic GHGs, C0 2 , CH 4 and N 2 0, 
have been calculated using Eq. (7) and the values for A x and a x 
shown in Table 1 . 


3 Results 

3.1 Atmospheric capacity 


Impact x j(t e ) 


AGWP xJ (t e ) 


A 


C0 2l ppm 



where A C02rPpm is the specific radiative forcing of C 0 2 for 
1 ppm with a background concentration of 378 ppm (1.413 • 
10 -2 (Wm -2 ppm -1 C0 2 ) (Forster et al. 2007) based on Myhre 
et al. (1998)). Thus, the unit of the impact becomes ppm C0 2 e 


The remaining atmospheric capacity as a function of time 
according to the RCP 6 scenario and the 450 ppm C0 2 e target 
level is shown in Fig. 2: 

Fig. 2 shows a rapid decrease in capacity from present until 
the target level is reached in year 2032, which thus becomes 
the target time. The choice of target level and GHG projection 
scenario determines the shape of the atmospheric capacity 
curve and thus influences the final CTP calculations. 
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Fig. 2 Remaining atmospheric capacity in each year relative to the chosen target level of450 ppm C0 2 e, using the RCP6 scenario giving the target time 
year 2032 


3.2 Cumulative impacts of C0 2 , CH 4 and N 2 0 emissions 

Cumulative impacts of an emission of C0 2 , CH 4 and N 2 0 are 
shown as a function of emission time in Fig. 3, for emission 
times between year 2012 and the target time year 2032. 

Figure 3 shows how the impact of all three considered 
GHGs decreases as the emission time approaches the target 
time. This behaviour reflects that as the target time is 
approached, a decreasing part of the impact of the GHG is 
included in assessment. 

3.3 CTP of C0 2 , CH 4 and N 2 0 

Using the results for the remaining atmospheric capacity 
(Fig. 2) and the impact of C0 2 , CH 4 and N 2 0 (Fig. 3), the 
CTP for these three GHGs is presented in Fig. 4 for emissions 
in the period from 2012 to the predicted target time, year 2032, 
using the target level of450 ppm C0 2 e and the RCP6 scenar¬ 
io. The CTP values are given as parts per trillion (ppt) of 


Table 1 

lifetime 

Values for the specific radiative forcing A x and the atmospheric 
a x for C0 2 , CH 4 and N 2 0 (Forster et al. 2007) 

GHG 

A x (WnT 2 kg-') a 

a* (years) 

co 2 

1.81 • 10 -15 

_ b 

ch 4 

1.82 • 10 —13 c 

12 

n 2 o 

3.87 ■ 10 13 

114 


a Rvalues are converted from Wm 2 ppbv 1 toWm 2 kg 1 by using the 
approach given in Shine et al. (2005) 

b For C0 2 , the lifetime is determined by the combination of a number of 
removal mechanisms, and the AGWP of C0 2 is calculated using the 
approach of Eq. (4) 

c 1.3-10 —13 1.4; the factor 1.4 accounts for indirect radiative effects of a 
methane emission (Forster et al. 2007) 


remaining capacity, ppt rc . 

The development of CTP as a function of emission time 
reflects the atmospheric lifetime and specific radiative forcing 
of the GHGs as well as the decrease in capacity of the 
atmosphere, in particular in proximity of the target time. It is 
interesting to note that while the absolute impacts of these 
GHGs decrease over time (Fig. 3), they all have increasing 
CTPs over time because the remaining atmospheric capacity 
decreases even faster than the absolute impacts. 

For direct application in LCA studies, a selection of CTP 
characterisation factors for C0 2 , CH 4 and N 2 0 for different 
emission years between 2012 and the target time, year 2032, is 
provided in Table 2. 

Applying these CTP characterisation factors, the climate 
tipping potential of a product or system can be calculated in an 
LCA. For products with lifetimes of more than 1 year, a 
detailed inventory is necessary, specifying GHG emissions 
for each year separately. This is the same kind of inventory 
that is used in the dynamic approach, suggested by Levasseur 
et al. (2010). 

3.4 Influence of the choice of emission scenario 

The results in Fig. 4 relate to the RCP6 scenario for atmo¬ 
spheric GHGs. In order to illustrate the dependency of the 
results on the chosen scenario, CTP characterisation factors 
are calculated for all four RCP scenarios, which are described 
in Table 3. The results for C0 2 for all four scenarios are shown 
in Fig. 5. 

The RCP scenarios represent different possible atmospher¬ 
ic GHG concentration pathways which depend on global 
policy choices and development possibilities (van Vuuren 
et al. 2011). 
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Fig. 3 Cumulative impact of emissions of C0 2 , CH 4 and N 2 0 relative to the chosen atmospheric target level of 450 ppm C0 2 e, using the RCP6 
scenario. Note that the impact for C0 2 has been given for an emission of 10 kg rather than 1 kg as for the other GHGs 


Figure 5 shows CTP of C0 2 emitted in different years from 
2012 until the target concentration (450 ppm C0 2 e) is reached 
at the specific target times predicted by each of the four RCP 
scenarios 

Figure 5 shows that the CTP of C0 2 follows the same trend 
towards the target time independently of the chosen GHG 
emission scenario, with increasing impact as the emission time 
approaches the target time. At the same time, it is obvious that 
the choice of scenario has a strong influence on the CTP 
characterisation factors due to the difference in assumed 
GHG concentration paths and resulting target times. The case 
of C0 2 has been shown here as an example; the variation with 
scenario shows the same trend for the CTP for CH 4 and N 2 0, 
and CTP characterisation factors for N 2 0, CH 4 and C0 2 for 
each year from 2012 to the target time for all four RCP 
scenarios are provided in the Electronic Supplementary 
Material. 


3.5 Comparison of CTP and the time-dependent GTP 

The CTP developed in this paper has similarities with the 
time-dependent GTP approach by Shine et al. (2007) in terms 
of applying a target time, based on a chosen climatic target 
level. In contrast to the time-dependent GTP, however, CTP 
expresses the absolute impact of a GHG emission with respect 
to passing a climatic target level, by determining the cumula¬ 
tive impact as a fraction of the amount that can still be emitted 
(the atmospheric capacity) before passing the target level. The 
introduction of the capacity aspect is a key difference between 
the time-dependent GTP and the CTP, as further outlined in 
section 4.1. 

In order to illustrate the difference in results when compar¬ 
ing the CTP to the time-dependent GTP, a constmcted exam¬ 
ple is given in Fig. 6. For making a direct comparison, the 
absolute GTP (AGTP) is used rather than the GTP, as the latter 



o « 

2030 


2032 


Fig. 4 Climate tipping potential (CTP) of C0 2 , N 2 0 and CH 4 for different emission times for the chosen atmospheric target level of 450 ppm C0 2 e, 
using the RCP6 scenario. Note that CTP for C0 2 has been given for 10 kg rather than 1 kg as for the other GHGs 
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Table 2 CTP characterisation factors for N 2 0, CH 4 and C0 2 , for the 
chosen atmospheric target level of 450 ppm C0 2 e, using the RCP 6 
scenario 


Year of emission 

N 2 0 

(pprie kg N 2 0 ' ) 

CH 4 

(PPtrc kg CH 4 ~') 

C0 2 

(PPtrc kg C0 2 _1 ) 

2012 

8.52 1CT 1 

2.12 10 _1 

2.94 10 “ 3 

2015 

1.01 10 ° 

2.73 10~‘ 

3.53 10 “ 3 

2020 

1.44 10° 

4.51 10 _1 

5.19 10 “ 3 

2025 

2.50 10° 

9.19 10~‘ 

9.43 10 “ 3 

2030 

8.47 10° 

3.70 10° 

3.53 10 “ 2 

2031 

1.38 10 1 

6.25 10° 

6.01 10~ 2 

2032 

— 

— 

— 


CTP values are given as parts per trillion of remaining capacity, ppt rc . All 
characterisation factors from year 2012 to the target time year 2032 can be 
found in the Electronic Supplementary Material 


only reflects impact relative to C0 2 as it is expressed relative 
to the AGTP of C0 2 . 

While the time-dependent AGTP and the CTP shown in 
Fig. 6 are given in different units, they can still be compared in 
terms of development trend with the proximity of the emission 
time to the target time. 

For illustrative purposes, the starting point of the compar¬ 
ison is the emissions of the amounts of the three GHGs which 
give identical AGTPs using the time-dependent AGTP metric, 
when the emission takes place 20 years before the target time. 
In this way, the development of the time-dependent AGTP 
with when emission time approaches the target time is easily 
observable. For comparing the time-dependent AGTP with 
the CTP, the same emitted amount of each GHG is assumed 

Table 3 The four RCP scenarios for atmospheric GHGs; RCP3PD, 
RCP4.5, RCP 6 and RCP8.5 (Meinshausen et al. 2011), and their respec¬ 
tive target times for the atmospheric GHG concentration target level of 
450 ppm C0 2 e 


Name Description * 1 Target 

time, T 

RCP3PD b Mitigation scenario: Reaches a peak forcing level 2034 

of 3 Wm 2 , followed by a decline so the 
radiative forcing level in year 2100 is 
2.6 Wm ” 2 

RCP4.5 C Medium stabilisation scenario: The radiative 2028 

_o 

forcing level in year 2100 is 4.5 Wm . 

RCP 6 d Medium stabilisation scenario: The radiative 2032 

forcing level in year 2100 is 6 Wm” 2 . 

RCP8.5 e Very high baseline scenario: The radiative forcing 2025 

level in year 2100 is 8.5 Wm” 2 . 

a van Vuuren et al. (2011) 

b Background data from van Vuuren et al. (2007) 

c Background data from Clarke et al. (2007), Smith and Wigley (2006) 
and Wise et al. (2009) 

d Background data from Fujino et al. (2006) 

e Background data from Riahi et al. (2007) 


for the CTP calculations as for the time-dependent AGTP 
calculations. 

Impact scores over time for the C0 2 , CH 4 and N 2 0 emis¬ 
sions show different patterns between the two metrics. The 
time-dependent AGTP of C0 2 and N 2 0 decreases over time, 
with that of N 2 0 having the steepest decrease, while the time- 
dependent AGTP of CH 4 initially increases, before also de¬ 
creasing towards the target time. In contrast, the CTP in¬ 
creases consistently for all GHGs as the emission time ap¬ 
proaches the target time, with a very steep increase close to the 
target time. 


4 Discussion 

4.1 Importance of introducing the capacity aspect 

Expressing the CTP as the fraction of remaining atmospheric 
capacity taken up by the absolute impact of a GHG emission 
means that the CTP for all GHGs increases with proximity to 
the target level. The increasing importance of preventing 
emissions as the capacity diminishes and the target level is 
approached is thus represented by this approach. This is in 
contrast to the approach followed by the time-dependent GTP 
(Shine et al. 2007), which represents the impact of a GHG 
emission according to the proximity of the emission time to 
the target time, but which does not consider the change in total 
atmospheric GHG concentration level over time. Thus, it does 
not reflect actual change in severity of a GHG emission 
depending on emission time, in terms of passing the target 
level. Expressing impacts relative to those of C0 2 can be 
useful for GWP comparing long-term impacts where no target 
level is considered, but for other applications, such a normal¬ 
ised metric is less useful (e.g. Peters et al. 2011; Cherubini 
et al. 2012). For the need of expressing the impact of GHG 
emissions relative to exceeding a target level, it is more 
relevant to make the comparison based on the fraction of 
remaining capacity taken up by an absolute GHG emission 
impact, as is proposed here. The CTP thus sees the remaining 
atmospheric capacity until the target level is reached as a 
limited ‘resource’. 

4.2 Cumulative impact vs. impact at a specific time 

The CTP takes a cumulative approach which accounts for the 
pathway of impacts from emission time to target time. This is 
in contrast to the time-dependent GTP approach by Shine 
et al. (2007), which accounts for the impact at the target time 
only. It would also have been possible to express CTP at the 
target time only. The cumulative approach has been selected 
here for the following reasons: 
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Target times, T 


RCP3PD 


1.8 10 1 
1.610 1 
1.410' 1 
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Q- 
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• RCP6 
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Emission time [year] 

Fig. 5 CTP of 1 kg C0 2 for different RCP scenarios and emission times, with the same atmospheric GHG concentration target level (450 ppm C0 2 e) but 
different target times as predicted by the different scenarios and illustrated by the vertical lines 


• The background for developing the method is the need for 
avoiding rapidly approaching climate tipping points, and 
even the part of the emission that will not have an impact 
at the actual target time is still part of the path to get there. 

• The target time has been selected to avoid certain expected 
climate tipping points; however, due to the uncertainty of 
when they exactly occur, the path of the GHG emission 
impact is important. 

• Expressing the CTP in terms of cumulated impacts, like 
the GWP, makes the two approaches logically compatible 
which is convenient as they are suggested to complement 


each other for including both long-term and urgency as¬ 
pects in climate change impact assessment. 

4.3 Temperature vs. atmospheric GHG concentration level 

The CTP presented here is a midpoint metric based on ex¬ 
pressing impacts and atmospheric capacity at the level of 
GHG concentrations. While it may be argued that it is more 
relevant to consider impacts closer to the damage level in the 
climate change impact pathway, such as at the level of 


110 


-15 


-16 


810 


^ 610' 16 


< 410' 16 


210 


-16 


0 




2012 


2020 


2030 


2012 


2020 


2030 


Emission time [year] 

Fig. 6 a Time-dependent AGTP and b CTP for GHG emissions in 2012, 
2020 and 2030, using scenario RCP6 and the atmospheric target level of 
450 ppm C0 2 e which means year 2032 is the target time for the CTP and 
the year in which the time-dependent AGTP is being measured. The mass 
of each GHG emission is that which corresponds to the time-dependent 


Emission time [year] 

AGTP of 1 kg C0 2 when the GHG is emitted in 2012 (i.e. emitted 
amounts: 1 kg C0 2 , 1.62-10 2 kg CH 4 and 3.22-10 3 kg N 2 0). Time- 
dependent AGTP values (for pulse emissions) have been calculated 
according to Shine et al. (2005), using the target time approach from 
Shine et al. (2007). Note the different units on the vertical axes 
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temperature impacts, this also increases the uncertainty (Shine 
et al. 2005). Presenting the temperature impact of an emitted 
GHG at a target time also does not consider the temperature 
impacts that will happen beyond the target time as a result of 
GHG emissions that have already taken place, due to the time 
lag of temperature impacts, i.e. a ‘temperature debt’. 

4.4 Choice of target level 

A target level concentration of GHG in the atmosphere of 
450 ppm C0 2 e has been used to calculate CTP characterisa¬ 
tion factors and demonstrate the use of the CTP approach. But 
the method can be applied for other target levels as well, 
reflecting e.g. different expected climate tipping points and 
political targets. Clearly, such choices affect the target time, 
the capacity left and thus the CTP characterisation factor of the 
GHGs at different emission times. If e.g. using a target level of 
510 ppm C0 2 e instead (the upper limit of the range for having 
50 % chance of stabilising the climate at the 2 °C temperature 
increase, as described in section 2.2), the target year becomes 
2052 when using the RCP6 scenario. Compared to using the 
450 ppm target level, the CTP values for the three GHGs 
when using the 510 ppm target level decrease by ~60-70 % 
in year 2012 depending on GHG. The CTP values for the 
510 ppm target level further decrease relative to the CTP 
values for the 450 ppm target level for the following years. 
Thus, results are quite sensitive to the chosen target level. This 
is not a shortcoming of the method, but rather an option for 
pursuing different climatic goals. But it emphasises the im¬ 
portance of clear and transparent reporting of what has been 
assumed for the target level and scenario. 

4.5 Implications of the marginal approach 

A limitation of the CTP method presented here is that it 
applies to the impact of change in atmospheric GHG concen¬ 
trations due to a marginal GHG emission. A marginal ap¬ 
proach such as this is common for LCA but means that the 
method is not directly applicable for large scale changes. 
Doing so might in this case lead to the erroneous conclusion 
that it would be better to speed up GHG emissions than 
emitting them later. However, as the increasing impact with 
time is due to declining capacity, the development scenario is 
decisive, so if more were to be released earlier (breaking the 
assumption that the considered emission is tmly marginal), the 
scenario would have to be updated with the modified emission 
path, and the target time would have to be recalculated. This is 
however not considered a great risk in reality. For an increase 
in C0 2 emissions today to contribute with a 1 % change in the 
CTP factors, using the RCP6 scenario with the 450 ppm target 
level, it would have to be of approximately 41 GtC0 2 , corre¬ 
sponding to 11 GtC. This is almost double of the annual global 


emissions from fossil fuel consumption and cement produc¬ 
tion in the 1990s, which was 6.4 GtC (Denman et al 2007). 

4.6 Influence of assuming constant specific radiative forcing 
and atmospheric lifetime of the GHGs 

In the derivation of the expressions for calculation of CTP 
(Eqs. (3)-(7)), both A x , the specific radiative forcing of the 
GHG, and a x , the atmospheric lifetime of the GHG, are 
assumed constant. In reality, these assumptions are however 
not completely correct, as both A x and a x depend on their own 
atmospheric concentrations as well as on those of other 
GHGs. This may introduce a systematic error, but as the 
approach is similar to what is done for calculation of GWP 
and GTP (Shine et al. 2005), it is considered a reasonable 
assumption for the use here. 

4.7 Scenario limitations of the CTP 

The nature of the method presented here allows for calculating 
CTP characterisation factors for various background GHG 
concentration pathway scenarios and target levels, which in¬ 
creases the usability beyond just one expected outcome and 
enables fitting to studies based on different assumptions. The 
RCP scenarios used for the derivation of CTP characterisation 
factors in this paper start from harmonised data in 2005 
(Meinshausen et al. 2011), so the modelled concentrations 
for today do not completely reflect actual measurements and 
differ between the four scenarios. However, the RCP scenar¬ 
ios are here considered the best available at the moment, as the 
development and recognition of scenarios take time, so it is 
natural with a certain time lag. 

4.8 Proper accounting for long-term global warming impacts 

By introducing the CTP metric as supplement to the GWP as 
suggested here, we institute a dual approach accounting for 
both long-term and urgency issues of climate change, without 
neglecting either. In this duality, GWP only has to represent 
the long-term impacts, and therefore it should be considered to 
use a longer time horizon for GWP than the 100 years which 
are common practice today, as timescales for the removal of 
some of the GHGs from the atmosphere are far longer as are 
the long-term impacts of emitting them (e.g. Archer et al. 
1997). As a first approach, IPCC’s GWP 50 o could be used, 
but it could be considered to develop GWPs for even longer 
timescales. 

5 Conclusions 

The climate tipping impact category for inclusion in climate 
change impact assessment expresses the potential contribution 
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of different GHGs to approaching a chosen climatic target 
level and thereby fulfils a need for addressing the climate 
urgency issue that is not accounted for when only considering 
the global warming represented by the GWP. 

The contribution of the developed climate tipping potential 
(CTP) is to express the cumulative impact of a GHG emission 
with respect to passing a climatic target level, by determining 
it as the fraction of the remaining atmospheric capacity to 
receive GHGs before passing the target level. The CTP in¬ 
creases for all GHGs as the target time is approached, 
reflecting the increasing urgency of preventing GHG emis¬ 
sions the closer we get to a climate tipping point. 

CTP characterisation factors are presented for the main 
GHGs as a function of emission time, enabling a straightfor¬ 
ward implementation of the climate change urgency aspect in 
LCA. The CTP metric is suggested as supplement to the 
established GWP metric for determining long-term climatic 
impacts, hereby instituting a dual approach accounting for 
both long-term and urgency issues of climate change, without 
neglecting either. 

6 Perspectives 

The CTP characterisation factors presented here for the three 
major anthropogenic GHGs, C0 2 , CH 4 and N 2 0, are based on 
a target level of 450 ppm C0 2 e using RCP scenarios for 
atmospheric GHG development, but the method that has been 
presented is not restricted to this. It is possible to calculate 
CTP characterisation factors for all relevant GHGs (given that 
their values for A x and a x are available), as well as for other 
target levels and atmospheric GHG development scenarios. 

The CTP treats the remaining atmospheric capacity for 
receiving GHG emissions up to the point where the target 
level is reached as a limited ‘resource’. With this perception, 
the developed approach lends itself to use together with the 
proposal of defining absolute limits to environmental impacts 
in terms of ‘planetary boundaries’ aiming to maintain a safe 
operating space for humanity (Rockstrom et al. 2009). The 
CTP is thus based on a planetary boundary for climate change 
that aims to avoid crossing dangerous climate tipping points. 
The approach developed for the CTP could also be applied to 
other impact categories for which boundaries have been set, 
by quantifying the associated remaining capacities. 

An interesting aspect of the CTP is its potential for ex¬ 
pressing the climate change mitigation potential of temporary 
carbon storage in e.g. bio-based products, for which no con¬ 
sensus has been reached (Brandao et al. 2012; Guest et al. 
2013). A climate change mitigation potential of temporary 
carbon storage only exists if it can help avoiding the passing 
of climate tipping points by either providing a bridging po¬ 
tential to a future with lower atmospheric GHG concentration 
or buying time for lasting solutions to be developed 


(Jorgensen and Hauschild 2013). With its lack of consider¬ 
ation of climate tipping points, GWP does not provide a fitting 
framework for assessing the possible value of such temporary 
carbon storage, and it is a contentious issue how to combine 
assessment of long-term climate change and the short-term 
mitigation from the temporary carbon storage (e.g. Cherubini 
et al. 2012). The dual approach introducing the CTP metric as 
supplement to the GWP could be a solution to this. This 
application of the CTP is beyond the scope of this paper and 
is an option for further work. 
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